Background. Legionella pneumophila is a causative agent of severe pneumonia. Infection leads to a broad host cell response, as evident, for example, on the transcriptional level. Chromatin modifications, which control gene expression, play a central role in the transcriptional response to L. pneumophila.
Legionella pneumophila, a gram-negative bacterium, was first identified in 1976 as the cause of an outbreak of severe pneumonia at a veterans meeting in Philadelphia; cases of severe pneumonia due to L. pneumophila have since been termed "Legionnaires' disease" [1] . In the human lung, the alveolar epithelium and macrophages constitute the main targets for microorganisms and play a key role in the initiation of the innate immune response and the defense against respiratory infection. Upon invasion, L. pneumophila forms a distinct Legionella-containing vacuole. In this niche, L. pneumophila replicates until initiation of host cell lysis [2] .
Eukaryotic gene expression is controlled by epigenetic mechanisms, including histone modifications and chromatin remodeling. Increasing evidence shows that bacteria manipulate the chromatin structure and transcriptional program of host cells through diverse mechanisms, influencing the host's innate immune response. Understanding the bacteria-induced deregulation of the host in the physiopathology of infectious diseases has important therapeutic implications and represents a novel research field to be explored [3] [4] [5] [6] [7] . Previous studies show that L. pneumophila modifies the epigenetic landscape by acetylation [8, 9] and can also influence host gene expression by methylation [10, 11] . We aim to shed light on the cellular response to L. pneumophila infection by investigating genome-wide changes in the activating histone H4 acetylation mark (acH4), using chromatin immunoprecipitation followed by sequencing (ChIP-Seq) in L. pneumophila-infected human-blood-derived macrophages (BDMs). We found acH4 modification at the tumor necrosis factor α (TNF-α)-induced protein 2 (TNFAIP2) promoter. TNFAIP2, also called B94 or M-Sec, was first identified as a TNF-α-inducible gene in endothelial cells [12] , and it was described as a Plk-dependent phosphoprotein with activating properties on Toll-like receptor (TLR) signature genes [13] . We found TNFAIP2 to be subject to inflammatory regulators such as the NF-κB complex and to be highly expressed at the messenger RNA (mRNA) and protein levels during infection with L. pneumophila. Additionally, we show that TNFAIP2 significantly affects bacterial replication.
METHODS

Bacterial Strains and Infection
L. pneumophila Corby wild-type (WT) and Corby ΔdotA mutant were kindly provided by A. Flieger (Wernigerode, Germany). Corby ΔflaA and Corby ΔflaA/flaA were kindly provided by K. Heuner (Berlin, Germany). All strains were routinely grown as described before [14] . Cells were infected with L. pneumophila at indicated multiplicities of infection (MOIs).
Cell Culture
The type-II alveolar cell line A549 was obtained from American Type Culture Collection and cultured in Ham's F12 medium with L-glutamine and 10% fetal calf serum (PAA Laboratories, Pasching, Austria) without antibiotics as described previously [8, 9, 14] .
Human monocytes were isolated from buffy coats obtained from the Center for Transfusion Medicine and Hemotherapy, University Hospital Giessen and Marburg, by Miltenyi magnetic-activated cell sorting CD14-positive selection according to the manufacturer's instructions. After culture for 6 days in Roswell Park Memorial Institute 1640 (1% glutamine and 1% human serum type AB), experiments were performed. All donors gave informed written consent.
Chemical inhibitors for MEK1/2 (U0126), JNK (JNK II), p38 (SB202190), and IKKβ (IKK XIII; all from Calbiochem, Darmstadt, Germany) were preincubated on the cells for 120 minutes at 10 µM before subsequent experiments.
Mouse Bone Marrow-Derived Macrophages and Alveolar Macrophages
Bone marrow-derived macrophages were prepared from femurs and tibiae of WT, TLR2
−/− , TLR2,4 −/− , and TRIF −/− mice (all on the C57BL/6N background, kindly provided by M. Schnare, Marburg, Germany) and cultivated as described previously [15] . From the WT mice, also alveolar macrophages were extracted by bronchoalveolar lavage. Alveolar macrophages were cultivated for 2 days in Roswell Park Memorial Institute plus 5% fetal calf serum and antibiotics. Upon removal of antibiotics, cells were infected with L. pneumophila at a MOI of 10. 
Western Blot
Western blot was performed as described previously [16] . Immunodetection was performed with mouse anti-TNFAIP2 (F-6), goat anti-actin (I-19), and rabbit anti-IκBα (C-21; all from Santa Cruz Biotechnology, Heidelberg, Germany) and visualized on a chemoluminescence imager (INTAS Science Imaging Instruments, Göttingen, Germany).
Bacterial Replication Assay
A549 cells were transfected with siRNA against TNFAIP2 and infected with L. pneumophila Corby WT for 1 hour. Subsequent bacterial replication was assessed as described previously [17] .
ChIP
ChIP analyses were performed as described previously [14, 18, 19] with anti-RNA polymerase II (Pol II, N-20, Santa Cruz), antip65 (C-20), pan-anti-acetyl Histone H4 (06-598, Millipore, Darmstadt, Germany) and a rabbit control IgG antibody (ab46540, Abcam, Cambridge, United Kingdom) at 4°C overnight. The following TNFAIP2 (gene ID 7127) promoter-specific primers were used: 5′-GGCATGTCCCAGACCTTTC-3′ (sense) and 5′-CACAGAGGGGGACTTTCACT-3′ (antisense), for the proximal NF-κB site; and 5′-ACAAAAGAGGGGAG GAGCAG-3′ (sense) and 5′-CTCTGGAAAGGACCCAGA CA-3′ (antisense), for the distal NF-κB site. For ChIP-Seq, the anti-acetyl-Histone H4 (06-598, Millipore) antibody and the MAGnify Chromatin Immunoprecipitation System were used according to the manufacturer's protocol (Life Technologies).
Library preparation was conducted with the Tru-Seq ChIP Sample Kit (Illumina, San Diego, California) according to the manufacturer's recommendations. Sequencing was done on an Illumina HiSeq2000 (Illumina) with a read length of 51 base pairs. Reads were mapped to the human genome (hg19) with the Bowtie Software (v1), allowing a maximum of 2 mismatches [20] . Genes were ranked according to the odds ratio (OR) of promoter acetylation in infected versus uninfected samples. For gene annotation, the ENSEMBL database v. 75 was used. Promoters were defined as ±1000 base pairs around the transcription start site. For each sample, the read counts per promoter were determined and corrected for the input (1), the enrichment of each sample over the input normalized by the median of the corrected read counts (1) was computed, and the OR of the infected samples over the control was determined (2), as follows:
and
where m ctrl/inf denotes the median of the control or infected sample, S ctrl/inf denotes the read count of the control or infected sample, I ctrl/inf denotes the read count of control or infected input, and 1 denotes the pseudo-count. This formula corrects for unspecific high read count biases [21] , which appear both in the input DNA and the precipitated samples. The ORs were log transformed to approximate a Gaussian distribution. If log (OR) ≥ 1, the DNA was considered to show increased acetylation. If log (OR) ≤ −1, decreased acetylation was assigned. For a detailed graphic representation of differentially acetylated regions, the UCSC Genome Browser was used [22] . GO terms and KEGG pathways for differentially acetylated genes was performed with the GSEABase R package [23] . Raw data are available under GSE79390.
Transcriptome Analysis A549 cells were analyzed by MFT Services (Tübingen, Germany) on an Illumina HT12 BeadChIP MicroArray. Data analysis was performed using the lumi R package (Illumina microarray specific [24] ). A variance-stabilizing transformation (lumi method) was used to background-corrected expression values, followed by quantile normalization between arrays. Differentially expressed genes were identified on the basis of the moderated t test (limma R package [25] ). Raw data are available under GSE80214.
Transcription Factor-Binding Site (TFBS) Prediction
The genomic sequence corresponding to the region 5000 base pairs upstream and 1000 base pairs downstream of the transcription start site of the TNFAIP2 gene was extracted from ENSEMBL, version 75. This sequence was scanned using Transfac positional weight matrices [26] , employing the program matrixscan (RSAT suit [27] ) to identify TFBSs corresponding to proximal or distal regulatory elements. Transcription factor-binding site enrichment at core promoters of differentially acetylated genes was performed using Transfind [28] . Based on known transcription factor weight matrix representations, Transfind identifies enriched factors for a set of genes on the basis of computed binding affinities of each factor for the promoters in the gene set. We restricted our analysis to core promoters (300-base pair regions upstream and 200-base pair regions downstream of the transcription start sites) of differentially acetylated genes with a cutoff of 1.0 on the logarithmic fold change.
Ethical Statement
Animals were handled according to European Union Council Directive 86/609/EEC for the protection of animals. The performed protocols were approved by the responsible animal ethics committee at Philipps-University Marburg ( permit numbers EX-22-2013, EX-9-2014, and EX-3-2016).
Statistical Analyses
Data are presented as means ± standard errors of the mean of at least 3 independent experiments. Effects were statistically evaluated using the Student t test. P values of <.05 were considered statistically significant. Table 1, and Supplementary Table 2 ). While 60% of the differentially acetylated genes (2246 of 3715) were protein coding, 11% (396 of 3715) encoded long intergenic noncoding RNAs (lincRNAs), 8% (281 of 3715) encoded small noncoding RNAs (microRNAs, miscellaneous RNAs, small nuclear RNAs, and small nucleolar RNAs), and 21% (792 of 3715) encoded genes of other categories, such as pseudogenes and antisense transcripts ( Figure 1A) . A gene set enrichment analysis returned sets of acetylated genes significantly enriched in cytokine activity, cytokine receptor binding, TNF receptor binding, immune response, and response to bacterium, according to the Gene Ontology Database (Supplementary Figure 1) . The same analysis performed on KEGG pathways returned sets of acetylated genes that are significantly enriched in pathways such as cytokine-cytokine receptor interaction and TLR signaling pathway (among the top 10; Supplementary Figure 1) . Investigation of deacetylated genes by KEGG pointed to enrichment in the gene encoding lysosome (Supplementary Figure 1) . Important regulated genes with relevance for inflammation and also chemotactic recruitment of further immune cells include those encoding interleukin 1β (IL-1β) and TNF (Supplementary Table 6 ). Transcription factor (TF) binding analyses of genes with a logarithmic fold change of at least 1.0 returned TFs enriched for the core promoters of differentially acetylated genes (Supplementary Tables 3 and 4 ). Among them we found some well-known factors that regulate the immune response, such as SP1, NFKB1, and KLF4. Ingenuity Pathway Analysis of the acetylated genes revealed that they were subject to proinflammatory upstream regulators, among them TNF (activation z score, 6.63; P = 1. ; data not shown), which is in line with a reported inhibition of the type I interferon response by the L. pneumophila factor SdhA [29] . The TNFAIP2 promoter was strongly acetylated as compared to that for uninfected control macrophages (Figure 1B) , and TNFAIP2 is part of both the TNF network and the NF-κB network, suggesting a role of TNFAIP2 in the immune response to L. pneumophila. Furthermore, we found the lincRNA 00677 was encoded on the negative strand, and we hypothesized it to be controlled by the TNFAIP2 promoter. Accordingly, we showed that lincRNA 00677 is upregulated shortly after L. pneumophila infection (Supplementary Figure 2) and precedes TNFAIP2 induction, which we could not detect at these early time points (data not shown). A global analysis of lincRNAs showed that acH4-modified lincRNA genes are spatially closer to acH4-modified protein-coding genes than to unmodified protein-coding genes ( Figure 1C ). It is known that TNFAIP2 is rapidly induced in TNF-α-treated epithelial cells [12] . L. pneumophila induced TNFAIP2 mRNA expression in a time-and MOI-dependent manner in A549 cells Figure 1 . Chromatin immunoprecipitation followed by sequencing analysis reveals high acetylation of histone H4 (acH4) at the tumor necrosis factor α-induced protein 2 (TNFAIP2) promoter. Blood-derived macrophages (BDMs) were infected with Legionella pneumophila Corby for 1 hour at a multiplicity of infection of 10. acH4-immunoprecipitated fractions were sequenced on an Illumina HiSeq2000. A, Of all genes that showed a change in acH4 acetylation upon infection, 60% were protein coding, while 19% were long and short noncoding RNAs. B, The TNFAIP2 promoter, located on chromosome 14, showed a strong increase of histone H4 acetylation as indicated by the read coverage in the UCSC Genome Browser (reference genome, hg19). While the TNFAIP2 gene is encoded on the positive DNA strand, the long intergenic noncoding RNA (lincR-NA) LINC00677 was found on the negative strand. The read coverage for each library was normalized to 109/n, where n equals the sum of all reads per library. C, Genes that are deregulated (DE) in acH4 after infection (gray curve) are significantly closer (median distance, 44 kb) to deregulated lincRNAs (P = 2.53 × 10 −8 , by the Wilcoxon sum rank test) than nondifferentially regulated genes (black curve; median distance, 144 kb) with regard to the cumulative distribution of the distances of deregulated lincRNAs to the closest protein-coding gene.
( Figure 2A ) and BDMs ( Figure 2C ) 6 and 24 hours after infection. This induction could be enhanced by raising the bacterial load (A549: MOI range, 10-100; BDM, MOI range, 1-10). At the protein level, the mean TNFAIP2 level (± standard errors of the mean [SEM]) in A549 cells 6 hours after infection was 194.3% ± 20.4% of the basal level (MOI, 100; Figure 2B ), and the mean BMD level (±SEM) 6 hours after infection was 161.37% ± 25.37% of the basal level (MOI, 10; Figure 2D ), as calculated from 3 independent experiments. To corroborate these findings in a more physiologic setting, we analyzed primary murine alveolar macrophages and also found upregulation of TNFAIP2 after infection with L. pneumophila ΔFlaA (Supplementary Figure 3) .
L. pneumophila-Induced Expression of TNFAIP2 Depends on Flagellin and on the Legionella Type-IVB Dot/Icm Secretion System
We stimulated A549 cells with recombinant flagellin or infected the cells with the immotile L. pneumophila Corby ΔflaA or the type IVB-deficient ΔdotA mutants to identify crucial bacterial components for TNFAIP2 induction ( Figure 3A) . Six hours after infection, we observed that TNFAIP2 expression is dependent on both flagellin and an intact type-IVB Dot/Icm secretion system, as the ΔflaA and ΔdotA mutants induced less TNFAIP2 transcription, and flagellin alone only moderately induced TNFAIP2. The flagellin-complemented ΔflaA mutant (ΔflaA/ flaA) performed as the WT strain. At 24 hours after infection, TNFAIP2 expression seems to be solely dependent on a functional type-IVB Dot/Icm secretion system, since flagellindeficient L. pneumophila were able to induce TNFAIP2 like the WT strain. Induction of TNFAIP2 is achieved by TLR2 and TLR5 signaling at 6 hours, as illustrated by the comparatively weak induction of TNFAIP2 in TLR2 −/− and TLR2,4
cells upon infection with L. pneumophila ΔflaA, as opposed to findings for WT cells and WT L. pneumophila. TRIF −/− cells showed no differential induction of TNFAIP2 under any tested condition ( Figure 3B ).
L. pneumophila-Induced Expression of TNFAIP2 Depends on NF-κB Activation
L. pneumophila activates a plethora of signaling pathways, including the MAPK pathways and the NF-κB pathway, upon infection of lung epithelial cells [30, 31] . In BDMs, we found a rapid degradation of IκBα upon infection (Supplementary Figure 4) . To determine the signaling pathways involved in L. pneumophila-induced activation of TNFAIP2, we incubated A549 cells with the MAPK inhibitors U0126 (MEK1), JNK II (JNK), SB202190 ( p38), and the NF-κB inhibitor IKK XIII 120 minutes before infection. TNFAIP2 mRNA ( Figure 4A ) and protein ( Figure 4B ) expression was solely influenced by shown. An increase in protein expression is presented as a percentage of the control and was calculated from densitometric analysis of 3 independent experiments. qPCR data (A, C, E, and F) are normalized against glyceraldehyde 3-phosphate dehydrogenase and shown as means ± standard errors of the mean of at least 3 independent experiments. *P < .05, **P < .01, and ***P < .001 vs untreated control. Abbreviations: MOI, multiplicity of infection; WT, wild type.
NF-κB inhibition. Transcription factor binding site analysis identified 2 NF-κB-binding sites, one 419-435 base pairs upstream (first site, proximal) and one 3994-4002 base pairs upstream (second site, distal) of the transcription start site. Since our data indicate a role for NF-κB in TNFAIP2 expression, we used ChIP to assess the interaction of the NF-κB subunit p65 and RNA polymerase II with the TNFAIP2 promoter region. In L. pneumophila-infected A549 cells, we observed a timedependent binding of NF-κB subunit p65 exclusively at the distal (second) site ( Figure 4C ). Binding of p65 was accompanied by the recruitment of RNA polymerase II, which could be observed at the proximal (first) site, indicating transcription ( Figure 4D ).
TNFAIP2 Knock Down Reduced Intracellular L. pneumophila Replication but Did Not Significantly Change the Overall Gene Expression Pattern
The upregulation of TNFAIP2 upon infection with L. pneumophila suggests a role in host-pathogen interaction. We transfected A549 cells with TNFAIP2-specific or control siRNA. Knock down was confirmed by quantitative PCR ( Figure 5A ) and Western blot ( Figure 5B ). interleukin 8 (IL-8) expression was not altered in infected cells after knock down of TNFAIP2 (Figure 5C ), but we found that intracellular growth of L. pneumophila was reduced by 50% in TNFAIP2 siRNA-transfected cells after 48 hours ( Figure 5D ). This reduction was not due to increased cell death in the TNFAIP2 siRNA-transfected cells, as demonstrated by the LDH assay (Supplementary Figure 5) . These data suggest that TNFAIP2 is relevant for intracellular growth of L. pneumophila in A549 cells, while it is not necessary for general proinflammatory activation as shown by unaltered IL-8 release. To characterize this in more detail, we performed mRNA microarrays from infected A549 cells transfected with control or TNFAIP2-specific siRNA. We compared 3 experimental conditions (infected/scramble and infected/TNFAIP2si vs uninfected/untransfected) and found a distinctly proinflammatory response characterized by genes that were induced irrespective of the knock down (Supplementary Table 5 ). These genes mapped primarily to the pathways immune system, innate immune system, cytokine signaling in immune system, and cellular responses to stress. Furthermore, highly significant enrichment could be observed for diseases associated with the TLR signaling cascade and diseases of the immune system (Figure 6 ). We did not find an impact of TNFAIP2 knock down on the transcriptome, so we investigated in silico a possible function at the protein level. TNFAIP2 is reported to interact with proteins of the exocyst complex, according to the STRING database [32] . While some of these interactions are based on observations in humans, others rely on homologues found in yeast (Supplementary Figure 6) .
DISCUSSION
Infectious agents such as L. pneumophila cause a shift in the epigenetic landscape. A prominent activating epigenetic modification is acH4. To obtain a comprehensive genome-wide acH4 pattern, we performed ChIP-Seq in human blood-derived macrophages infected with L. pneumophila. Our enrichment analysis revealed that genes with induced acetylation upon infection are enriched in immune response pathways. Among the genes with increased acH4 acetylation, we found numerous candidates that contribute to the host response against Legionella. IL-1B and TNF, for example, are potent proinflammatory cytokines that positively influence neutrophil chemotaxis. In an in vivo Legionella infection, these factors might contribute to the recruitment of neutrophils. We can also show that proteincoding genes and lincRNA genes tend to be spatially closer to , and TRIF −/− mice were infected with L. pneumophila WT at a multiplicity of infection (MOI) of 10 for 6 hours. TNFAIP2 levels were detected by quantitative polymerase chain reaction and normalized against glyceraldehyde 3-phosphate dehydrogenase. Data are shown as means ± standard errors of the mean of at least 3 independent experiments. *P < .05, **P < .01, and ***P < .001 vs untreated control; # P < .05, ## P < .01, and ### P < .001 vs infection with L. pneumophila Corby WT.
each other in case they are both acH4-modified upon infection, indicating that they are coregulated or that lincRNAs might regulate protein-coding genes in cis. Among others, we could identify an increased acetylation pattern at the promoter of the TNFAIP2 gene. Promoter region analysis revealed its bidirectional nature, and we show that the lincRNA 00677, which is encoded on the Chromatin immunoprecipitation was performed against the NF-κB subunit p65 and polymerase II, followed by qPCR analysis of the TNFAIP2 promoter region surrounding the first putative NF-κB-binding site and the second putative NF-κB-binding site. qPCR data are shown as means ± standard errors of the mean of at least 3 independent experiments. *P < .05, **P < .01, and ***P < .001 vs untreated control; # P < .05, ## P < .01, and ### P < .001 vs infection without inhibitor. Abbreviation: WT, wild-type. D) independent experiments. *P < .05, **P < .01, ***P < .001, and ****P < .0001 vs untreated control. Abbreviation: WT, wild-type. negative strand, is induced early after infection and precedes TNFAIP2 expression. Whether this lincRNA is involved in initiation of TNFAIP2 expression remains to be elucidated. We furthermore found 2 NF-κB-binding sites at this promoter. While the proximal site accommodates RNA polymerase, the distal site recruits the NF-κB p65 subunit, as has been recently shown [33] . This observation supports our hypothesis of an involvement of TNFAIP2 in the response to bacterial infection.
Induction of TNFAIP2 relied on flagellin, the type IVB Dot/ Icm secretion system, and NF-κB, as its inhibition completely abrogated the TNFAIP2 response, as has been shown elsewhere [33] . This mechanism puts TNFAIP2 into a central proinflammatory signaling hub. We observed a significant decrease in Figure 6 . Pathway overrepresentation analysis of gene sets, using the ReactomePA bioconductor R package. We compared the gene expression patterns in the infected/ scramble and infected/ tumor necrosis factor α-induced protein 2 (TNFAIP2)si versus the uninfected/untransfected condition, respectively, and found common genes in both comparisons that point to a pro-inflammatory activation after Legionella pneumophila infection. Dot sizes correspond to the number of genes in each pathway. Dot colors represents the P values corresponding to each pathway. The x-axis shows the ratio of the number of genes in the set that are in each pathway. Some pathways include overlapping sets of genes.
bacterial load in infected A549 cells with TNFAIP2 knock down, but no change in the proinflammatory response against L. pneumophila was evident. IL-8 mRNA, a common indicator of proinflammatory activation upon infection [8] , remained unaltered by TNFAIP2 knock down, as did major other proinflammatory genes that map to important immune pathways. A comparison of our data with the GSE61535 macrophage data set [34] yielded a good correlation of the upregulated genes, as evidenced by a Pearson product moment correlation test (rho = 0.358; P = 8.6 × 10
−5
). Upregulated genes included important immune factors, such as IL-8, CXCL2, CXCL1, and PTGS2. As no impact on the transcriptome by TNFAIP2 knock down under infectious conditions was evident, we focused on possible protein interactions. In a relevant study, TNFAIP2 was shown to coprecipitate with CDC5L in a protein-binding assay. In turn, CDC5L binds Sec5, which is part of the hetero-octameric exocyst complex [35] . Another subunit of the exocyst complex, Exo84, has been reported to be necessary for amino acid starvation-induced autophagy [36] . This indirect functional association between TNFAIP2 and the exocyst is corroborated by several sources from the STRING database. TNFAIP2 is reported to have a high-confidence direct physical interaction with Sec5 (EXOC2), supported by experimental evidence of homologous proteins in yeast. In addition, several direct high-confidence interactions of TNFAIP2 with other components of the exocyst complex are reported by STRING (EXOC1, EXOC4, EXOC6, EXOC7, EXOC8, and EXOC6B), as well as proteins involved in intracellular vesicular trafficking (STXBP1, STXBP2, and STXBP3). This hints toward involvement of vesicular trafficking in the observed impaired L. pneumophila growth in TNFAIP2-knock down cells.
Altogether, we provide evidence that L. pneumophila infection of human primary macrophages leads to activation of TNFAIP2, whose expression at early stages of infection mainly depends on NF-κB. The significant achievement of this work is the identification of a new gene in the L. pneumophila-induced host gene expression landscape with an active role in bacterial replication. Our future analyses will focus on the identified noncoding RNAs of yet unknown function, such as the linc00677 described herein, to show how they contribute to the gene expression changes of nearby genes and in particular those genes involved in the host response to L. pneumophila.
Supplementary Data
Supplementary materials are available at http://jid.oxfordjournals.org. Consisting of data provided by the author to benefit the reader, the posted materials are not copyedited and are the sole responsibility of the author, so questions or comments should be addressed to the author.
Notes
